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1. The whole process of the data-mining and analysis for the pathway analysis regarding celecoxib

Step 1: to find the PubChem cid of celecoxib:
http://www.ncbi.nlm.nih.gov/pccompound/?term=celecoxib

Step 2: retrieval of drug targets from MMDB, PubChem and GEO
MMDB:
http://www.ncbi.nlm.nih.gov/structure?linkname=pccompound_structure&from_uid=2662

PubChem: http://pubchem.ncbi.nlm.nih.gov/assay/assay.cgi?cid=2662
GEO: http://www.ncbi.nlm.nih.gov/gds/?term=celecoxib

Step 3: retrieval of Gene ids of drug targets in the Gene database. Use drug target PTGS2 as an
example.
http://www.ncbi.nlm.nih.gov/gene/?term=PTGS2

Step 4: pathway retrieval based on the obtained drug targets. All pathways involving each
obtained drug target regarding each drug were identified by large-scale access to the Biosystems
database using E-utilities with Ruby script (attached as Supporting Information). Following is an
example of how to retrieve pathways involving a drug target “PTGS2” by using its Gene id 5743
via accessing Biosystem database.
http://www.ncbi.nlm.nih.gov/biosystems/?term=5743[ geneid][+ AND+pathway[type]+AND+Ho

mo[Organism]

Step 5: find pathways common to the primary and secondary targets. The pathways were ranked
in terms of the numbers of retrieved drug targets involved in each pathway.

Step 6: retrieve titles of each obtained pathway. Following is an example of how to retrieve a
pathway by using a Biosystems ID (BSID) obtained from step 4. The significance of each
pathway involving drug MOAs and clinical functions were examined. The Ruby scripts for
large-scale access to Gene and Biosystems database and the afterward data analysis (involving
steps 3-6) are attached as Supporting Information.



http://www.ncbi.nlm.nih.gov/biosystems/?term=198912

2. Detail discussion of relevant pathways identified for each drug (except gefinitib, celecoxib,
tamoxifen, and tretinoin that are discussed in detail in the main text)
Adenosine is an antiarrhythmic agent for treatment of heart disorders '. The crystal structures of the
primary target ADORA2A (PDB: 2YDO) and six secondary targets in complex with adenosine
(Supporting Information, Table S3) were retrieved via the short-cut link to MMDB at the PuBChem
Compound database. Six more protein targets were retrieved from BioAssay database. The primary target
(ADORA2A/2B) shared biological pathway of Vascular Smooth Muscle Contraction (BSID: 96530) with
secondary targets including ADCY2, PRKACA and PRKACB, indicating that adenosine can regulate
vascular contraction by activation of adenosine receptors, and supporting its role as an antiarrhythmic
agent for treatment of heart disorders '. A few pathways regarding GRCP signaling transduction were also
obtained (Supporting Information, Table S4), possibly because there were retrieved proteins involved in

the cAMP pathway (such as ADCY?2 and PRKACA/B), a step regulated by the GPCR signal transduction
2

Doxorubicin kills cancer cells by intercalating DNA, causing failure of topoisomerase II and DNA
replication 34 1t is used to treat multiple cancers, such as bladder, breast, stomach, lung, kidney, nerve,
and blood cancers as well as leukemia and Hodgkin’s lymphoma, and is also used for certain patients with
liver, prostate, endometrium, and pancreas cancers’. No structure of human protein in complex with
doxorubicin was available. There were nine proteins and twenty eight regulated genes identified via
BioAssay and GEO DataSets. The retrieved targets led to a few cancer-related pathways (Table 2),
including those regarding general and particular cancers, such as pancreatic, breast, lung, prostate,
endometrial, colorectal, bladder, and gastric cancers, as well as acute myeloid leukemia, melanoma, and
glioma. The involvement of the target genes and proteins into various cancer-related pathways supported
the broad-spectrum usage of doxorubicin in cancer therapy. There were also relevant pathways about
apoptosis that accounts for the drug effects of doxorubicin, such as the pathways of Apoptosis (BSID:
198797) and Apoptosis Modulation and Signaling (BSID: 198822).

Similar to doxorubicin, actinomycin is a chemotherapy drug that kills tumor cells by binding to DNA in
transcription complex and therefore preventing RNA elongation °. Fourteen regulated genes and two
proteins were obtained by checking GEO and BioAssay databases. Due to its extreme cytotoxicity, the
clinical use of actinomycin is limited ’ and it is mainly used for rare cancers such as gestational

trophoblastic neoplasia, =~ Wilms' tumor, rhabdomyosarcoma, Ewing's sarcoma, and malignant



hydatidiform mole ®

. Actinomycin witnessed similar pathways to doxorubicin, including those
responsible for apoptosis and various cancers except melanoma, glioma, bladder and gastric cancers that
were indicated by pathways retrieved for doxorubicin. The reasons that the two drugs shared similar
pathways might be that: 1) they both have their drug effects by interacting with DNA; 2) the affected
genes were obtained from the same publication ° which yielded overlapping genes between them. Most
of obtained cancer pathways pointed to cancers other than those currently treated by actinomycin (Table
2). The involvement of actinomycin into the cancer pathways is reasonable, considering its effects on
DNA transcription and apoptosis, and is consistent with previous studies showing effectiveness of
actinomycin on apoptosis and various cancer cells '°". Different from the four drugs with relevant
pathways that might indicate information of drug repurposing, the relevant pathways retrieved by

actinomycin may not indicate its new clinical uses, considering its high cytotoxicity ' and the resistance to

the agent induced by cancel cells '°.

Mifepristone is a synthetic steroid used as an abortifacient drug by targeting the progesterone receptor
(PGR) '® 7. The structure of glucocorticoid receptor (NR3C1) bound with mifepristone (PDB: 1NHZ)
was retrieved from MMDB. The primary target PGR and 14 more protein targets and 433 genes
responsible for all kinds of biological pathways '® were retrieved by checking BioAssay and GEO
DataSets databases. Three biological pathways pertinent to its clinical effects were identified: the Oocyte
meiosis pathway (BSID: 126909) shared by PGR,BUB1, CDK2, CHP, MAD2L1,YWHAG, the
Progesterone-mediated oocyte maturation pathway (119304) shared by PGR, BUB1, CDK2, HSP90ABI,
and MAD2L1, and the pathway of Ovarian Infertility Genes (BSID: 198801) shared by PGR, ATM, and
VDR. Although only around ten of the more than 400 genes were involved in these pathways, they were
the only identified pathways that were responsible for a biological process in a cell (Supporting
Information, Table S4). Other pathways were general pathways regarding gene expression, signal
transduction, and nuclear receptors, possibly due to the broad range of retrieved genes responsible for all

kinds of cellular functions.

Rosiglitazone is an antidiabetic drug by binding to peroxisome proliferator-activated receptor (PPAR),
therefore increasing insulin sensitivity in cells '°. Besides the primary target PPAR, four and fourteen
affected proteins and genes were characterized by checking BioAssay and GEO databases (Table 1),
contributing to two pathways that supported the primary target protein PPAR and its clinical function: the
Insulin Signaling pathway (BSID: 83090 shared by PPAR, IRS2, PCK1, and PDE3B) and the PPAR
signaling pathway (BSID: 83042 shared by PPAR, CPT1B, FABP4, FABP7, and PCK1). The above
pathways both accounted for the MOAs of drug effects of rosiglitazone.



Fluorouracil is an anti-cancer drug by irreversible inhibition of thymidylate synthase (TYMS), therefore
blocking the biosynthesis of DNA and causing cell cycle arrest and apoptosis »°. It is mainly used for
treatment of colorectal and pancreatic cancer *'. The crystal structure of uridine phosphorylase 1 (UPP1)
bound with fluorouracil (PDB: 3NBQ) was obtained. Eighty genes and five interacting proteins
(including primary target TYMS) were identified by checking GEO DataSets and BioAssay databases.
Pathways accounting for the MOA of fluorouracil were retrieved, such as: 1) Pyrimidine Metabolism
(BSID: 82946, shared by TYMS, UPP1, RRM2B, DUT, TKI, and RRM?2); 2) Pyrimidine
Deoxyribonucleotides de novo Biosynthesis I (BSID: 782380 shared by TYMS, RRM2B, DUT, and
RRM2); 3) Pyrimidine Metabolism (BSID: 106281 shared by TYMS, UPP1, DUT, and TK1). A few
pathways about cell cycle and mitosis were identified, including 1) Cell Cycle (BSID: 530733 shared by
TYMS and 20 regulated genes); 2) Cell Cycle, Mitotic (BSID: 105765 shared by TYMS and 17 genes);
3) Mitotic G1-G1/S phases (BSID: 160941); 4) G1/S Transition (BSID: 105769) (Table 1). The four
pathways are consistent with the clinical effect of fluorouracil that is attributed to cell cycle arrest and
apoptosis. Another pathway was the Integrated Pancreatic Cancer Pathway (BSID: 711360) shared by

TYMS and 16 identified genes, supporting the usage of fluorouracil for pancreatic cancer.

Vincristine is a mitotic inhibitor that is used as a chemotherapy agent **. By binding to tubulin, vincristine
disrupts microtubule structures and therefore causing mitosis failure in cells. Two and eleven target
proteins and genes were retrieved from BioAssay and via GEO DataSets databases. Two pathways
accounting for cell mitosis were identified: 1) the Cell Cycle (BSID: 530733) shared by tubulin, MYC,
MDM2, and GMNN; 2) Cell Cycle, Mitotic (BSID: 105765) shared by tubulin, MYC, and GMNN. The
above pathways are responsible for the biological functions of vincristine in a cell and therefore
accounting for MOA behind its drug effects.

Bortezomib is a proteasome inhibitor for treatment of relapsed multiple myeloma and mantle cell
lymphoma >, Twenty eight affected genes and eleven protein targets were retrieved by checking GEO
and BioAssay databases. Two pathways underlying the MOA of bortezomib were identified: 1) the
Protein Processing in Endoplasmic Reticulum (BSID: 167325 shared among proteasome, CAPNI,
HSPA1A/B, CHLI1, and BCL2); 2) the Parkin-Ubiquitin Proteasomal System pathway (BSID: 700638
shared by proteasome, SNCA, CUL1, and HSPA1A/B).

Propofol is a hypnotic agent by targeting y-aminobutyric acid (GABA) A receptor > *. Table 1
demonstrates that eleven proteins and eighty eight genes were retrieved via BioAssay and GEO databases.

Most identified pathways were about the transmission of neurontransmittors in CNS (Supporting



Information, Table S4). Only one of them, or the GABAergic synapse pathway (BSID: 377263) was
directly pertinent to the MOA underlying its clinical uses. This pathway is shared by a GABA A receptor
subunit (GABRA1-A6/B1-B3/G1-G3) and glutaminase (GLS), one of key enzymes that are responsible
for GABA synthesis in brain >”**. The lack of relevant pathways might be due to the limited pathways the
genes participated (including the PGC-alpha, G-CSF survival, Fatty acid oxidation, and DNA damage
singaling pathways *°) that are not directly responsible for the GABA signaling.

Valproic acid (VPA) is a drug for treatment of seizure disorders and unstable mood conditions by mainly
affecting neurontransmiter levels via targeting GABA transaminase (ABAT), an enzyme that breaks
down GABA *. There were 196 genes and 3 proteins (including primary protein ABAT) retrieved via
checking GEO DataSets and BioAssay. Neuronal System pathway (BSID: 106513) was identified among
ABAT, GNAIl, GNGI11, and ALDH5A1; GABAergic Synapse pathway (BSID: 377263) was common
among ABAT, GNAII, and GNG11, where GNAI1 and GNG11 are G protein subunits that pass down
signals from GABAB receptor in the GABAergic pathway *'. The identified genes regulated a variety of

%3 It’s surprising that the above pathways only comprised 4 or 3 of them.

cellular processes
Considering there are only 89 genes displayed in the GABAergic synapse pathway, most of retrieved
genes might be the down-stream proteins regulated by GABA-G protein pathway and are not included as
involved proteins in this pathway. Only two protein targets (excluding ABAT) were available at the
BioAssay database. Identification of more secondary target proteins might be needed so that a GABA-

related pathway can be identified among G proteins and other proteins than the primary protein ABAT.

Two drugs, disulfiram and triiodothyronine failed to identify relevant pathways to its clinical functions.
Triiodothyronine (known as T3) is a ligand of thyroid hormone receptors (THRs) that affects all

35:36 and as

physiological processes in the body **. It can be used for the treatment of depressive disorders
a supplement for fat loss *”**. A few crystal structures, including those of THRs (THRA and THRB),
PCNA and AR in complex with T3 were obtained from MMDB (Table S3). There were eleven more
protein targets and 275 genes retrieved for triiodothyronine. Only general pathways regarding gene
expression and nuclear receptors were identified. The failure to find relevant pathway for triiodothyronine
might be due to: 1) the retrieval of nuclear receptors in BioAssay leading to the identified general
pathways regarding gene expression; 2) the retrieved genes responsible for variety of cellular functions
that were not directly related to the pathways pertinent to its primary target protein thyroid receptors. The

involvement of this drug in almost every physiological process in the body may also account for the lack

of identified particular pathways to a cellular function.



Disulfiram is mainly used for treatment of chronic alcoholism by inhibiting acetaldehyde dehydrogenase
(ALDH2 and ALDH1A1 in Table 1), an enzyme that plays an important role in conversion of alcohol into
harmless acetic acid *°. Fifty nine proteins including the primary target protein were retrieved from
BioAssay, while no genes obtained by checking GEO DataSets. A few pathways regarding molecular
metabolism and oxidation were retrieved (Supporting Information, Table S4), but no pathway specific to
alcohol mechanism was obtained, except for the Ethanol oxidation pathway (BSID: 105715) shared by
ALDH2 and ALDH1A1. Considering only 10 genes are involved in this pathway, the retrieved target

proteins might be up- or down- stream proteins of this pathway.
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